Low glomerular (nephron) endowment has been associated with an increased risk of cardiovascular and renal disease in adulthood. Nephron endowment in humans is determined by 36 wk of gestation, while in rats and mice nephrogenesis ends several days after birth. Specific genes and environmental perturbations have been shown to regulate nephron endowment. Until now, design-based method for estimating nephron number in developing kidneys was unavailable. This was due in part to the difficulty associated with unambiguously identifying developing glomeruli in histological sections. Here, we describe a method that uses lectin histochemistry to identify developing glomeruli and the physical disector/fractionator principle to provide unbiased estimates of total glomerular number (N glom). We have characterized Nglom throughout development in kidneys from 76 rats and model this development with a 5-parameter logistic equation to predict Nglom from embryonic day 17.25 to adulthood (r 2 ϭ 0.98). This approach represents the first design-based method with which to estimate Nglom in the developing kidney.
ENVIRONMENTAL OR GENETIC FACTORS that influence renal development may be a significant contributor to the development of adult disease due in part to the inverse relationship between nephron number and the risk of hypertension and renal disease in adulthood (3, 13) . Nephron endowment is set by 36 wk of gestation in humans and in early postnatal life in rats and mice; however, present methods only provide design-based (not requiring geometric assumptions of nephron size or shape) estimation of nephron number following the termination of nephrogenesis. The ability to accurately and precisely estimate glomerular number during the period of nephrogenesis will allow investigators to better understand the impact of genetic abnormalities and environmental perturbations on nephrogenesis, to identify periods of susceptibility during nephrogenesis, and to study the impact of lactation on nephron endowment in rodent models and in premature offspring.
The kidney develops through a series of inductive interactions between the epithelial ureteric bud and the metanephric mesenchyme. The ureteric bud invades the mesenchyme, which in turn induces the bud to grow and bifurcate into a tree-like structure, forming the renal collecting duct system (7, 19) . Simultaneously, signals from the tips of the ureteric branches induce adjacent mesenchymal cells to condense, epithelialize, and differentiate into renal vesicles, commashaped bodies, S-shaped bodies, and finally into nephrons (19) .
Nephron endowment is dependent upon the regulation of many key events, including ureteric branching morphogenesis, mesenchyme-to-epithelial conversion, and rates of mitosis and apoptosis. The gene pathways and environmental factors that regulate nephron endowment are becoming increasingly clear (20) , raising the possibility that future strategies may manipulate these pathways to maximize nephrogenesis and thereby nephron endowment. However, a design-based method to accurately and precisely estimate nephron number in the developing kidney is required. Such a method must provide unambiguous identification of developing nephrons and not be influenced by changes in the size and shape of the developing nephrons. Here, we describe a combined histochemical/stereological technique that provides design-based estimates of nephron number (from the early S-shaped body stage to the mature glomerulus) in the developing rat kidney. The method can easily be modified for use in other species.
MATERIALS AND METHODS
Sprague-Dawley female rats fed standard rodent diets were sourced from multiple cohorts. The control diets were fed in either a liquid formulation (9) or pelleted form (AIN-93G) and contained similar nutritional values (protein 19 -22%, fat 7%). The growth trajectory of pups fed these diets was not affected by the type of diet fed (Fig. 1) . All experiments were approved by the local animal ethics committee and conformed to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Rats were mated in a 3-h window and then whole metanephroi were isolated from male and female offspring at days postcoitus (dpc) 17.25, 17.5, 19.5, 20, 21.5, 22.5, 26, 28, 30, 42 , and 180 again in a 3-h window to minimize variability in fetal staging. The day of birth varied between 21 and 22 dpc. Kidneys (n ϭ 76) were fixed in 10% neutral buffered formalin, processed to paraffin, and exhaustively sectioned at 5 m. Beginning with a random start (n), a minimum of 10 evenly spaced section pairs (n and nϩ2) across the entire kidney were collected by systematic sampling and histochemically stained with the lectin peanut agglutinin (PNA) to localize the plasma membrane of glomerular epithelial cells (podocytes), which facilitated the identification of nephrons from the early S-shaped body stage to the fully developed glomerulus (16) (see Fig. 2A ).
Arachis hypogea PNA histochemistry. Deparaffinized and rehydrated sections were incubated for 10 min with 2% H 2O2 in methanol and then incubated for 30 min at 37°C with neuraminidase (0.1 units/ml with 1% CaCl 2 in PBS) from Vibrio cholerea (Sigma-Aldrich, Castle Hill, Australia). Nonspecific binding was blocked (2% BSA, 0.3% Triton X-100 in PBS for 30 min). Sections were incubated for 2 h with 20 g/ml biotinylated PNA (Sigma-Aldrich) diluted in 0.3% Triton X-100 in PBS, with 1 mM CaCl 2/MnCl2/MgCl2 and then washed. Biotinylated PNA was visualized (Elite streptavidin/biotin amplification ABC kit, Vector Laboratories, Burlingame, CA), and the reaction was developed with diaminobenzidine (DAB) and 0.01% H 2O2 in PBS. Sections were counterstained with hematoxylin.
Estimating the number of PNA-positive nephrons. Section pairs were used to estimate PNA-positive developing nephrons using the physical disector/fractionator combination (15, 22) . The entire first section (n) was projected at a total magnification of ϫ150. PNApositive structures were marked (Fig. 2B ). The nthϩ2 section was then projected (Fig. 2C) , and PNA-positive structures in the n th section not present in the n th ϩ2 section were counted (Fig. 2D ). Those sampled in the n th ϩ2 section not present in the n th section were also counted to double the efficiency of the technique. This process was repeated for each pair of sections (ϳ10 section pairs/kidney were required for precise and reproducible measures). Total nephron number (Nglom) was estimated using the equation
where Nglom is the total number of PNA-positive developing nephrons in the kidney, and SSF is the reciprocal of the section sampling fraction (the number of sections advanced between section pairs). For embryonic kidneys, this was a minimum of 20 sections (which is larger than the diameter of the longest arm of an S-shaped body to avoid structures being counted twice). For postnatal kidneys, SSF was 30 -40 sections whereas for adults it was 50 -60. The first half accounts for the fact that the disector pair of sections consisted of the n and the nϩ2 sections.
The last half accounts for the fact that PNA-positive structures were counted in both directions between the two sections of a pair, and Q Ϫ is the actual number of PNA-positive structures appearing and disappearing between reference and lookup sections in the disector.
N glom was estimated in 76 kidneys, and a growth curve was plotted to characterize nephron number with developmental time. To quantify this development, the data were fitted (GraphPad Prism) to an asymmetric five-parameter logistic function with the following equation 
where Nglom is the number of nephrons at any given developmental stage; Nglom Max is the number of nephrons at the end of nephrogenesis, LogEC50 is the time at which 50% of all nephrons are present, Hillslope is a unitless number between Ϫ1 and 1 representing the rate of nephron number increase; S is the symmetry parameter to allow for the observation that the increase in nephron number differs at the beginning and end of nephrogenesis; and Log Xb is the deflection point of the curve indicating the time at which the rate of nephron number growth slows. The equation was solved to give a minimum error term weighted for relative distances (1/Y 2 ) to account for the large variation in nephron number over time (ϳ125-31,000).
Confirmation of the technique in the adult kidney. The method developed here to estimate N glom in developing kidneys is based upon the original physical disector/fractionator method that has been widely used to estimate N glom in adult kidneys (2, 9, 14) and as such should also provide design-based estimates of Nglom in adult kidneys. To confirm an accurate estimation of nephron number, both the modified technique and the original method were used to estimate N glom in four adult rat kidneys. Adult kidneys were sliced into 2-mm slices from which every second slice was processed for embedding in either paraffin or glycolmethacrylate (GMA) (6) . N glom was estimated in 20-m-thick GMA sections using the physical/disector fractionator combination as previously described (5) . The slices processed to paraffin were used to estimate N glom as described above with the following modified formula
where SliceSF is the reciprocal of the slice sampling fraction (in this case 2 because every second slice was processed to GMA); SSF is the reciprocal of the section sampling fraction (in this case 10); P s is the number of grid points overlying all kidney sections (complete and incomplete) on a 2-cm grid projected over the sections using a microfiche reader (magnification ϫ24.25); P f was the number of grid points overlying complete kidney sections used for glomerular counting on a 2-cm grid projected over the sections using a microfiche reader (magnification ϫ24.25); 1/2fa was the fraction of the total section area used (at a magnification of ϫ 298) to obtain Q Ϫ ; and Q Ϫ was the actual number of glomeruli counted. This formula incorporating P s/Pf accounted for the fact that artificial tissue surfaces were produced by the initial slicing procedure.
It should be noted that design-based methods to estimate Nglom can also provide estimates of mean glomerular volume (Vglom) (2). However, shrinkage of tissue embedded in paraffin is significantly more than that observed in tissue embedded in glycolmethacrylate (18) , and therefore any comparisons of V glom estimates obtained using different embedding media must be interpreted with caution. is the biological variation. The biological variation cannot be controlled by the researcher, but the CE can be made smaller by using more efficient sampling techniques and by working harder in each animal. In essence, we aim at making
Calculation of coefficients of variation and error.
This was not always possible in this experiment due to a low glomerular number (young age groups) and due to a low animal number in some of the age groups.
RESULTS
Animals in all cohorts followed a common growth trajectory (Fig. 1) . Estimates of N glom were obtained from 17.25 (113 Ϯ 18) to 200 dpc (32,500 Ϯ 2,000) ( Table 1) . For all ages, estimates of within-and between-litter variability were low. The curve fitting of nephron number over time (Fig. 3) showed an exceptionally good fit (r 2 ϭ 0.9872), and indicated that 50% of all nephrons were acquired by 24.6 dpc (equivalent to ϳ3 days postnatal), 90% of nephrons were formed by 28 dpc (ϳ6.5 days postnatal), and 95% of nephrons were formed by 28.75 dpc (ϳ7.5 days postnatal). Given that variability in estimates of nephron endowment in rodents is ϳ10%, nephrogenesis may be considered to be complete by ϳ7 days postnatal. Histological sections (data not shown) indicated the absence of a nephrogenic zone in all samples by 8 days postnatal. Table 2 gives the means Ϯ 95% confidence interval for N glom in the developing Sprague-Dawley kidney from 17.25 dpc when the first PNA-positive structures were visible to 30 dpc, after the end of nephrogenesis. In four adult kidneys, the modified and traditional unbiased method (2) for estimating N glom provided very similar estimates (Table 3) .
DISCUSSION
This report describes a new design-based method for estimating the number of developing nephrons in the developing rat kidney and provides N glom growth curves from 17.25 dpc to adulthood. The method utilizes PNA histochemistry to unambiguously identify developing nephrons from the early S-shaped body stage to the mature glomerulus, in combination with the disector/fractionator combination to estimate total nephron number. The disector sampling rule ensures that the N glom estimates are not influenced by differences in nephron size, shape, or size distribution that are known to exist at given developmental stages and that alter with developmental time.
We have applied a curve-fitting procedure (Fig. 3 ) to generate N glom growth curves for the standard laboratory rat. This curve allows for the comparison of biologically relevant parameters (N glom at birth; the age when 50% of nephrons are present; the age when nephrogenesis slows, etc.) in treatment and intervention groups. The application of this technique to quantitatively study the developmental curve of nephron endowment provides a much-needed reference for nephrogenesis in the rat. These normal growth curves will allow us in future studies to determine whether and when a genetic or environmental perturbation influences N glom accumulation and thereby final nephron endowment. This applies to both the prenatal and postnatal periods. For example, the early postnatal period is seen to be a period of rapid nephrogenesis; our data indicate that ϳ12,000 -15,000 nephrons form between postnatal days 2 and 9, a time when the neonate is suckling. This rapid growth period is evidenced by the wider confidence limits (Fig. 3,  Table 2 ) at or around the time of birth. When applied to rodent models, our approach facilitates the study of how gene/environment interactions in utero and in the early postnatal period influence nephron endowment, including how maternal factors such as placental insufficiency or maternal diabetes and obesity may affect in utero vs. postnatal development (1) or how milk availability and content affects nephron development (10, 24) . Such an understanding is relevant to humans because babies born before 36 wk of gestation continue to undergo nephrogenesis postnatally, and thus nephrogenesis in these infants is likely affected by milk composition. The method described in this report can also be used to estimate N glom in the developing mouse kidney, facilitating studies identifying renal perturbations in genetically modified mice (23) .
There have been few previous reports of nephron number in the developing kidney. Langley-Evans et al. (17) estimated nephron number in rats at days 20 (336 nephrons) and 22 (1,210 nephrons) of gestation. They estimated nephron number (8) is the fact that it is a model-based stereological method and specifically requires knowledge of the average height of the three-dimensional "particles" of interest. In this case, the particles of interest are developing nephrons from early S-shaped bodies to fully mature glomeruli. Measurement of the heights of such particles is not trivial and extremely time-consuming, and these heights may well vary under differing developmental settings. Again, a major advantage of the disector method used in the present study is that no knowledge, or assumption of nephron (particle) size, shape, or size distribution, is required. Most recently, Sims-Lucas et al. (21) presented a method for reconstructing the developing mouse metanephros in three dimensions by serial sectioning the entire organ and manually identifying each ureteric and nephron structure. This method provides a definitive quantification of total nephron number and is time efficient in early embryos. To count the approximate 60 developing nephrons in the 13.5 dpc mouse metanephros required 6 -7 h. A major advantage of this method is that numbers of nephrons at each of the developmental stages (vesicles, comma-shaped bodies, Sshaped bodies, mature glomeruli) can be counted. At later gestational ages, however, when thousands of developing nephrons are present, this method would seem not to be feasible. The method described in the present study has been applied to estimate N glom in the adult kidney. Indeed, compared with the gold-standard method that typically involves embedding in GMA, the new method provided a significant improvement in efficiency, with ϳ7 h required for tissue processing, sectioning, staining, and counting compared with the current 15 h. This is a significant improvement in efficiency, while retaining excellent accuracy and precision.
The current strategy of using a specific cellular marker in combination with the disector/fractionator combination can be easily modified to count other structures in the developing kidney. For example, markers that specifically label cap mesenchyme, ureteric branch tips, proximal tubules, distal tubules, and so forth could be used as described here to obtain total number estimates for the whole kidney. The online GUDMAP resource provides detailed information on useful markers (http://www.gudmap.org). One requirement of the method described in this report is that podocytes must express the specific marker used for their identification, in this case PNA. In disease settings, podocytes may not express PNA, in which case an alternative marker must be identified. Such whole kidney estimates are more biologically meaningful, and more easily interpretable, than estimates based on density, such as the number per unit area of section or per unit volume of cortex, and the application of this method offers, for the first time, a reliable, unbiased method for quantifying such structures. Because the function of the metanephros may be intimately linked to the number of glomeruli formed during development, this technique can be utilized to correlate adult function with developmental processes, furthering our understanding of the factors that impinge on renal function.
